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submicrometer A1203 particles in plumes
H.-O. Kim, D. Laredo, and D. W. Netzer
We made multiple-wavelength light transmission measurements at the edge of a plume from a small
solid-propellant motor in order to determine the mean particle size and the in situ particle index of
refraction. We retrieved the particle size distribution from the Sauter mean diameter and the
geometrical standard deviation assuming a lognormal distribution. The good correlation of the data
indicated the applicability of the technique with a relatively high confidence level and that submicrometer
particles were dominantly present at the edge of the plume. This was confirmed by the size distribution
of collected particles. The values measured for alumina particles in the edge of the plume were a Sauter
mean diameter of 0.150 ,um ± 4%, a geometrical standard deviation of 1.50 + 3%, and a real index of
refraction of 1.63 ± 8%.
Key words: Aluminum oxide, plume signature, particle size, particle optical properties.
Introduction
One can use metal fuel additives such as aluminum in
solid-propellant rocket motors to achieve high specific
impulse. Besides causing performance losses in the
nozzle, the condensed A12 03 particles are the major
source of primary smoke in the exhaust plume. The
particulate matter can also have major effects on the
plume IR signature. High number densities of par-
ticles can block gas-phase radiation from the plume.
They can also be the source of radiation, especially
the larger particles that exit the nozzle not in thermal
equilibrium with the gas. The detection, identifica-
tion, tracking, and targeting of missiles that employ
these propellants are all important issues in the
development of space defense systems.
The prediction of plume signature is currently
accomplished by using codes such as the Standard-
ized Plume Flowfield (SPF) model and the Standard-
ized Infrared Radiation model (SIRRM).1 One can
use the nozzle/plume flow-field codes"2 to predict
that the particle size distribution within the plume is
not uniformly distributed in the radial direction.
If particles exist in the plume that are larger than
approximately 5 um, they will be concentrated along
the plume centerline, failing to follow the rapid gas
flow turning that occurs in the nozzle throat region.
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Even particles as small as 1.0 ALm are predicted not to
follow the flow along the diverging nozzle wall.
There is also experimental evidence that most of the
number of A1203 particles in plumes are less than 1
pm in diameter.3-5 Thus it is expected that particles
in the outer regions of the plume will be less than 1.0
Vum in diameter. The smaller particles are generally
predicted to be in thermal equilibrium with the
surrounding gas. Thus if the equilibrium exhaust
temperature from the nozzle is less than 2318 K
(alumina melting point), it is reasonable to assume
that the smaller particles are solids. The larger
molten particles are limited to the central region of
the plume. Solid A1203 is known to have consider-
ably lower emittance than liquid A1203. Thus if
small solid particles dominate the outer regions of the
plume, they can have a dominant effect on the plume
signature.
The particle size distribution, particle concentra-
tion, and particle optical properties all have consider-
able influence on the plume signature. Both the
prediction of plume signature and the measurement
of particle size distributions within the plume depend
on an accurate knowledge of the particle optical
properties, especially the particle complex refractive
index. For aluminum oxide the refractive index is
generally between 1.65 and 1.85. Larger particles
are dominated by the alpha phase with a higher
refractive index, whereas the smaller particles are
generally gamma phase with a lower refractive in-
dex.5 6 The absorption coefficient has been reported7
to be between 10-2 and 10-7. These properties may
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also be dependent on the thermal history of the
particles.5 Small amounts of contaminants can also
apparently have a significant effect on the refractive
index. This is of importance in rocket motor plumes
since contaminants such as soot are present and the
rapidly changing temperatures can result in various
phases of aluminum oxide being present. Larger
booster motors use propellants with 14-20% alumi-
num by weight, resulting in 25-38% of the exhaust
being condensed A1203. These plumes are optically
thick, making optically based particle sizing diagnos-
tic techniques difficult to employ.
The objective of the investigation was to measure
the mean particle size and in situ particle index of
refraction in the outer region of the plume of a small
solid-propellant rocket motor. The technique that
we employed was multiple-wavelength light transmis-
sion measurements together with the use of a Mie
code for obtaining the mean extinction coefficients as
a function of the particle size distribution, index of
refraction, and wavelengths of the illumination source.
This technique is limited8 to particles smaller than
approximately 1.0 plm when UV and/or visible light is
used. We used a collimated mercury light source to
provide five distinct wavelengths that were individu-
ally recorded within a spectrograph. We also used a
helium-neon laser. We also investigated measure-
ment sensitivity to the experimental variables.
We compared the particle size distribution obtained
optically to SEM pictures of collected particles on a
micropore filter (0.25-[Lm mesh). The collection of
the particles from the plume at a specific location was
done with a modified probe (originally designed for
particle collection in supersonic regions of the plume)
with a tip diameter of 4.5 mm.
Theoretical Background
The light transmittance technique incorporates the
use of multiwavelengths of light for continuous trans-
mittance measurements through an exhaust plume
containing particles. We ratioed the (n) values of
transmittance to each other, and we then determined
the mean particle size (d32) by comparison with Mie
theory, which describes the light scattering phenom-
ena.9
This procedure was successfully applied by Cashdol-
lar et al.8 to measure the mass concentration and
particle size of a cloud of smoke as discussed below.
The transmission of light through a cloud of uniform
particles is given by Bouguer's law:
Table 1. Summary of Motor Firings
Maximum
Run Pressure Location of Hg Light Beam
No. (MPa) (mm)
1 2.5 153 from nozzle exit, 25 off centerline
2 2.6 153 from nozzle exit, 25 off centerline
3 2.3 184 from nozzle exit, 25 off centerline
properties:
T = exp(- 3QCmL) (2)
One can put Eq. (2) into a more useful format by
taking the natural log of both sides:
(3)
We made multiwavelength transmission measure-
ments over identical path lengths through the ex-
haust plume. The ratio of the logarithms of the
transmittances at any two wavelengths is thus equal
to the ratio of the calculated mean extinction coeffi-
cients for the same wavelengths:8
[ln T(Xi) 1 Q(Xi, d 32, M)1
ln T(Xj) Iexpt. - (Xj d3 2, M) theor (4)
We determined the transmittances experimentally.
We used a computer program provided by Cashdollar
et al. 8 to generate the mean extinction coefficients
Q and the extinction coefficient ratios (Q, /Qx2) ver-
sus d32. These calculations were made for various
values of the complex refractive index () of the
particle, d32, and the geometrical standard deviation(ag) of the assumed lognormal particle size distribu-
tion. Monomodal log-normal and/or upper-limit dis-
tribution functions are often found to apply to clouds
of small particles.6 8 In rocket plumes the distribu-
tions are probably bimodal or trimodal.36 At the
outer edges of the plume at which small particles are
dominant, it was assumed that a monomodal lognor-
mal distribution existed. If the complex refractive
index, d32, and the geometrical standard deviation are
correct, all the ratios will yield the same particle size
(d32) within experimental measurement accuracy.
If, however, the distribution is not monomodal lognor-
mal, then the correlation would not occur.
T = exp(-QAnL) = exp- 23QC )
One can use the Mie scattering theory for a single
spherical particle to calculate (Q) as a function of
particle size, wavelength of light, and complex refrac-
tive index of the particle. For polydisperse systems
of particles, Dobbins et al.'0 showed that Bouguer's
transmission law could be written in terms of mean
20. cm.Fig.n. C
Fig. 1. Configurations of the motor and plume (not to scale).




Table 2. Transmittances (%)
Run =
No. Wavelength 0.365 jim 0.4047 jim 0.4358 jim 0.5461 jlm 0.577 Aim
1 Transmittance 88.5 91.2 92.5 96.0 96.5
2 Transmittance 89.4 91.9 93.0 96.7 97.1
3 Transmittance 81.0 84.2 86.5 93.4 94.4
If the size of the submicrometer particles thought
to be present in the edges of the plume can be
assumed to obey a lognormal distribution, then there
are four variables that must be determined; d32, 0Ug,
and the real and imaginary parts of the index of
refraction. The latter was assumed independent of
X. Calculations with the Mie code showed that Q
was insensitive to the absorption index for the ex-
pected values between 10-2 and zero. Thus for
calculation of Q the aluminum oxide particles were
considered to exhibit no absorption. This resulted
in the need for a minimum of three independent
log-transmission ratios to determine d3 2, rg, and the
refractive index (m).
Experimental Apparatus and Procedures
Rocket Motor
We used an end-burning propellant grain with a 5-cm
diameter and 2.5-cm web. The motor chamber length
was 20 cm. The propellant was provided by the U.S.
Air Force Phillips Laboratory and was a glycidyl azide
polymer/ammonium perchlorate propellant contain-
ing 4.7% aluminum. The exhaust nozzle had a 450
half-angle converging section, a throat diameter of
0.51 cm, a diverging half-angle of 15° and an area
ratio of 3.6. Under those conditions the chamber
pressure was approximately 2.5 MPa and the 2-5-jim
IR visible length of the plume was approximately 100
nozzle exit diameters.
Collection Probe
The probe was originally designed for collection in
supersonic regions of the plume. The probe had a










with the aid of an internally supplied annular ejector
flow, the gases and the particles at a predetermined
location within the plume. The particle collection
filter paper had a diameter approximately the same
size as the width of the probe body (approximately 22
mm).
Light Transmittance Apparatus
The light sources that we used were a mercury lamp
and a helium-neon laser. The collimated white light
beam was provided by a 100-W Hg lamp (Oriel Model
6281). The light transmitted through the plume
entered a fixed input slit (Oriel Model 77220) that was
25 jim wide and 3 mm high and fell upon the optics
inside an Oriel MultiSpec spectrograph (Model 77400).
The MultiSpec was designed to be compatible with
linear diode array detectors and has a flat focal field
for use with diode arrays as long as 25 mm. This
instrument has a spectral range of 250-800 nm. We
selected gratings that permitted the use of the wave-
length band of interest. The photodiode array em-
ployed was a Reticon G-series solid-state scanning
device. It consisted of 1024 photodiodes on 25-jim
centers." The response characteristics of the diode
permitted only five of the wavelengths of the Hg
source to be detected (0.365, 0.4047, 0.4358, 0.5461,
0.577 jim). We also used an 8-mW He-Ne laser to
penetrate the plume. We used the 0.6328-jim wave-
length to provide a longer wavelength than that
detectable by the Multispec system. We used a
Newport photosensor diode with a narrow-pass He-Ne
filter to eliminate ambient/plume light.
The five Hg lines provided ten independent n-










Fig. 2. Extinction coefficients versus the Sauter mean diameter.
Fig. 3. Extinction coefficient ratios versus the Sauter mean
diameter.
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Fig. 4. Log transmission versus extinction coefficient ratios for all
runs.
tion coefficient ratios. Addition of the He-Ne laser
increased the number of available ratios to 15. We
used a cross pattern so that both light sources would
penetrate the same path length in approximately the
same plume location.
Data Acquisition and Reduction
A Hewlett-Packard HP9836S computer served as the
system controller for the diode array that was used
with the white-light source. Data were converted
from analog to digital and stored in a HP6942A
multiprogrammer. The original data acquisition
software' 2 was modified. An electrically operated
shutter was installed on the outlet of the white-light
source. We made eight consecutive scans of the
photodiode array in the exhaust with the shutter
open, followed by four scans with the shutter closed.
The multiple photodiode scans were averaged. We
used an IBM PC AT computer to take data from the
He-Ne laser. The point during the firing when data
were taken was also controlled by the IBM computer.
We accomplished this by monitoring the motor cham-
ber pressure (versus time) and by specifying a time
delay after steady-state operation was attained. The
photodiode array was first aligned so that the five
distinct peaks of the mercury light source were
correctly positioned. We verified correct system op-
eration by using various neutral density filters.









Fig. 6. Reconstructed particle size distribution from the mea-
sured Sauter mean diameter (d3 2 = 0.15 jim) and geometrical
standard deviation (or = 1.5).
no particles present in the measurement volume.
During the motor firing the transmittances were
measured twice, once with the light sources and once
without them. We made the latter measurement to
determine if significant radiation was emitted from
the plume at the wavelengths of the light sources.
Three motor firings were conducted (see Table 1).
The exhaust plume was initially video recorded from
above with a scaled plate positioned beneath the
plume to determine the ideal positioning for the
measurements. A sketch of the motor and plume is
shown in Fig. 1. An IR camera that had been used in
a related investigation 3 was also used to locate the
afterburning region and the Mach disk locations
within the exhaust plume. It was desired to make
the transmission measurements in the outer regions
of the plume to reduce the possibility of having large
particles present and to be out of the afterburning
zone in which high radiation was present. However,
it was necessary to be close enough to the exhaust
nozzle to provide a relatively steady flow field. The
measurement locations were (see Fig. 1) at 16-19
nozzle exit diameters downstream (15-18.4 cm) and
5.25 nozzle exit radii from the plume centerline (2.5
cm).
The computer program provided the extinction








Fig. 5. Log transmission versus extinction coefficient ratios for
run 3, including He-Ne laser data.
Fig. 7. Data correlation
diameter (run 1).
sensitivity for a specified Sauter mean
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1standard deviation (g) and refractive index (m) for
each wavelength. We repeated the computations for
different values of ag, m, and d3 2 until the theoretical
extinction coefficient ratios best matched (in the






No significant plume radiation was detected at the
wavelengths of the illumination sources. Therefore,
each run provided two sets of data: one for 100%
transmittance (before firing) and the other during
firing when particles were present in the plume.
Eight scans of the diode array were taken in 0.24 s.
Any obviously bad scans were eliminated and the
remaining scan voltages were averaged. The wander-
ing of the illuminating beam caused by thermal
gradients and flow-field unsteadiness resulted in some
fluctuations in both the peak voltages and the diodes
on which the peaks occurred. We averaged the peak
voltages in order to determine the transmittances
presented in Table 2.
Assuming the particle refractive index (real part
only) to be independent of the wavelength, we calcu-
lated the extinction coefficients (see Fig. 2) and their
ratios (see Fig. 3) by using the Mie code8 for each
wavelength. We plotted the n-transmittance ratios
(measured) against the extinction coefficient ratios
(calculated) as shown in Fig. 4. Theoretically [see
Eq. (4)] the latter graph should be linear with a slope
of 45°. To determine the combination of d32, qg, and
m that gave the best correlation, we applied a regres-
sion analysis'4 to best-fit the data by using a linear
least-squares fit:
R 2 (Y~ - )2 (5)
A perfect fit would fulfill two conditions: linear
criteria (R2 of unity) and a 450 slope. We varied the
particle refractive index from 1.5 to 1.9 and 0rg from
1.3 to 1.7. The calculations of the extinction coeffi-
cients were accomplished for all the parameter combi-
nations and for all the wavelengths that were used in
the measurement technique, obtaining fifteen ratios
for each combination. The use of several wave-
lengths in a wide band increased the confidence in the
correlation. The required accuracy for the mea-
sured transmittances increases as increases and as
the spread between the 's decreases. This can be
seen in Fig. 4. We evaluated the accuracy of the
transmittance measurements as approximately 0.5%
(from electronic white noises). The resulting uncer-
tainty bands for ln{Tr(X5)1/ln{Tr(X)} are much less
than for ln{Tr(X5)J/ln{Tr(X4)J at which the wave-
lengths are much more closely spaced. The differ-
ence in wavelengths between 5and 4 and between 3
and 2 is approximately equal (0.031 jim); however,
the n-transmittance ratios for the lower wavelengths




Fig. 8. Data correlation
standard deviation (run 1).
0.8
sensitivity for a specified geometrical
The best correlation (from a least-squares and 450
slope standpoint) was obtained (see Figs. 4 and 5) for
a Sauter mean diameter of 0.15 jim with a geometri-
cal standard deviation of 1.5 and an index of refrac-
tion of 1.63. Figure 4 shows good test-to-test repeat-
ability, and the results shown in Fig. 5 added
confidence in the data by obtaining the same correla-
tion while the wavelength band was substantially
increased. Assuming a lognormal distribution, we
retrieved the particle size distribution (by using the
statistical functions) shown in Fig. 6. The latter
shows that particles as large as 0.65 jm were present
in the measurement volume and that 50% of the
particle volume was concentrated in particles smaller
than 0.17,jm. The mean diameter d30 was only 0.12jim, indicating that most of the particles (98% of the
total number of particles) were smaller than 0.15 jim.
Once the combination was obtained for the best
agreement between the calculated extinction coeffi-
cient ratios and the measured n-transmittance ra-
tios, we performed an analysis to obtain the sensitiv-
ity of the correlation to each of the parameters. We
accomplished this by perturbing the value of each
parameter independently around its nominal value
and by observing the induced changes to R2 and the
slope of the least-squares fit that passed through the







Fig. 9. Data correlation sensitivity for a specified index of refrac-
tion (run 1).













Fig.10. Scanning electron microscope pictures of collected particles:
size distribution (magnification 18,000 x).
results of the analysis. Forcing the lines, which
represent the correlation, to pass through the axes
origin and allowing a maximum variation of 1% in the
slope led to an estimation of the absolute errors of
each parameter that would give a good correlation.
The results obtained were
d32 = 0.150 ± 0.006 m,
ag = 1.50 ± 0.04,
m = 1.63 + 0.13.
It appears that this technique is much more sensitive
to the particle size distribution than to the index of
refraction. The obtained refractive index was in the
range as reported elsewhere 7 (between 1.5 and 1.8)
with a clear tendency toward the value of 1.63, near to
that reported for pure gamma-phase alumina (1.665).
The probe that we used to collect particles in the edge
of the plume used a cold ejector gas. The collected
exhaust products showed evidence of condensed
water/HCl droplets containing many small A120 3
particles. The size of these droplets was between 10
and 50 jm. These droplets were large, even for
secondary smoke (plume H20/HCl condensation) in
which most particles are submicrometer in size (0.01-
0.5 im). Thus, the condensation into large agglom-
erates probably occurred within the probe. In addi-
tion, if many plume particles were contained in these
large droplets, the extinction data would not have
correlated as discussed above. Each droplet con-
tained millions of small particles. A detailed analy-
sis of the magnified pictures (by using a scanning
(a) conglomerate droplet (magnification 900 x), (b) alumina particle
electron microscope, SEM Hitachi S-450, with magni-
fication as high as 20,000 x) revealed (see Fig. 10) that
one agglomerate contained two particles of 5-jim
diameter, six particles of 3.5 lm, approximately 5000
particles of 2 m, greater than 105 particles of 1.0 m,
approximately the same number for a 0.5-jim particle
diameter, and millions of particles with an apparent
diameter of less than 0.25 jim. To an order of
magnitude, these figures will give a mean diameter
between 0.2 and 0.3 jim. Because of the limitations
of the picture reduction technique, statistical misrep-
resentation, limited observable lower size, and hu-
man errors, these results were only qualitative; yet
they reinforced the optically obtained results.
It should be added that the assumed lognormal
distribution was successful in correlating the data
from the particles flowing in the edge of plumes.
Nevertheless, a question arises about how the pres-
ence of very few particles as large as 5 jim could affect
the transmittance measurements. Calculations
based on Eq. (2), the definition of the Sauter mean
diameter, and Mie code values for Qext showed that, if
5-jLm particles are present with 0.1-jim particles, the
measured transmittance and the calculated d32 will
not be affected if the volume of the smaller particles is
at least 2.5 times the volume of the larger particles.
This implies that the number of the small particles
should be greater than half a million times the
number of the large particles. This number ratio
was, as mentioned before, evidenced by the SEM
pictures. It is, therefore, possible to find a few larger
particles in the plume edges and yet to represent the
particle population as presented in Fig. 6.
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Conclusions
The results of this investigation have shown that the
multiple-wavelength transmission measurement tech-
nique can be used to obtain the Sauter mean diameter
and the particle size distribution (assumed to be
lognormal) of the small particles present in the edge
of a solid rocket motor plume. The data reduction
method has been shown to be more sensitive to
changes in the Sauter mean diameter than to the
index of refraction. The values measured for A1 2 0 3
particles in the edge of the plume were d3 2 = 0.150 ±
0.006 jim, g = 1.50 0.04, and m = 1.63 0.13.
The good correlation of the data indicated that submi-
crometer particles were dominantly present at the
edge of the plume. This was also in reasonable
agreement with the size distribution of collected
particles. The nominal index of refraction of 1.63
also indicated that the particles were probably gamma-
phase A1 2 0 3 , although measurement accuracy pre-
vented a definite conclusion.
Appendix A: Nomenclature
A is the cross-sectional area of a particle,
Cm is the mass concentration of particles,
d is the particle diameter,
d32 is the Sauter mean diameter,
L is the path length containing particles,
m is the index of refraction of particle,
n is the number concentration of particles,
Q is the dimensionless extinction coefficient,
Q is the mean extinction coefficient,
R2 is the coefficient of determination, Eq. (5),
T is the transmittance,
X is the wavelength,
p is the particle density, and
Ug is the geometrical standard deviation.
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